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Abstract 
Solar radiation has a direct influence on the air and ground temperature, indirect influence on the value of 
atmospheric humidity, movement of air masses and precipitations, and it is easy to understand how its evaluation is 
essential not only in the technological area such as for sizing solar heating and photovoltaic plants, but also in fields 
such as agriculture or meteorology. Nowadays, the assessment of the solar energy resources over large areas and the 
elaboration of solar radiation maps are conducted using satellite derived information. Among the existing 
methodologies, those based on parametric models to firstly estimate the clear-sky solar radiation are usual. The 
success of that option depends both on the accuracy of the solar radiation algorithm and the satellite derived 
information and on the relationship between each other. 
In this work, daily global solar irradiation under clear skies is estimated by means of a model which 
includes the horizon effects. This characteristic is important in those cases where a complex topography is present, 
such as mountains. The topographic information is obtained from a digital elevation model. The other inputs to the 
model are the atmospheric precipitable water vapour content, the Angström’s turbidity coefficient and the ground 
albedo. Experimental values of the atmospheric precipitable water vapour content are obtained from the MODIS 
sensor. The two latter parameters are averaged values calculated on previous studies. 
Estimates by the model are compared with ground measurements obtained in fourteen radiometric stations 
located in a mountain zone (Sierra Nevada, Granada, Spain) recording global solar radiation, atmospheric 
temperature and relative humidity. Since ground experimental values of precipitable water vapour content are 
available, a comparison between these values and those derived from the MODIS sensor is also presented. 
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1. Introduction 
Estimation of global solar radiation is vital to solar energy system design everywhere where adequate 
observations are missing. Values of clear-sky solar radiation are useful for determination of the maximum 
performances of solar heating and photovoltaic plants as well as for sizing air conditioning equipment in 
buildings or for determining their thermal loading, for instance. In fact, it has been shown that inverters of 
photovoltaic plants with similar efficiency present different performances (in the sense of the quality of 
the electricity supply) under clear-sky and partially cloudy conditions, showing minimum total harmonic 
distortion for clear skies [1]. Other scientific fields, such as agriculture or hydrology, also demand global 
solar radiation estimations as they need knowledge of insolation levels for studying ecosystem fluxes of 
materials and energy [2,3]. 
One methodology to achieve this task is to calculate global solar radiation under cloudless skies and 
then amend this estimation taking into account the effect of the cloud cover using an appropriate 
transmission function. This methodology is, for instance, widely used to calculate global solar radiation 
from satellite images. In addition, under clear sky conditions and at local scales, the topography becomes 
an important factor in the distribution of the solar radiation on the surface. The variability of the elevation, 
the surface orientation and tilt and the obstruction due to elevations are a source of local differences in 
insolation and, consequently, in other variables as ground temperature. Nevertheless, the surface 
orientation and surface tilt are not included in this study since the pyranometers are located on horizontal 
platforms. 
The success in providing accurate sunshine information depends then on two factors: the goodness-of-
fit of the model and the reliability of the input measurements to the model. The existence is known of 
numerous radiative transfer based models to estimate solar radiation [4–7]. They need detailed 
information about atmospheric constituents as water vapor, ozone, carbon dioxide, nitrogen dioxide, etc. 
However, for most practical purposes and users, most of them show to be unusable due to the large 
amount of atmospheric information required or present a difficult software implementation. On the other 
hand, many simple statistical clear-sky models have been proposed in the literature for calculating values 
of global solar radiation [8]. The local performance of this type of models along with his disability to 
incorporate the effects of the topography discards these models as viable candidates. The model selected 
in this work is a simple physical algorithm –to be used everywhere- which incorporates a horizon factor to 
allow estimating solar radiation in areas where shadowing at sunrise or sunset due to a complex 
topography takes place [9]. The model description is presented in Section 2. 
The input values to the model are derived from ground measurements and from remote sensing. In 
particular, the satellite information comes from the Moderate Resolution Imaging Spectroradiometer 
(MODIS) sensor on board the NASA Terra and Aqua satellites. The experimental set up is given in 
Section 3. Section 4 presents a comparative study of these two input sources. The model results are 
analyzed in Section 5. 
 
2. Solar radiation model 
The simple physical model selected estimates daily global irradiation under cloudless conditions Hg. 
López et al. [9] have probed this model performs similar to other accurate and complex radiative transfer 
codes and better than other algorithms used to estimate solar radiation from remote sensing, such as the 
HELIOSAT model [10]. Input parameters consist of latitude I, day of the year DOY, precipitable water 
vapour wp (in cm), Angström turbidity coefficient E, ground albedo U and site elevation z (in meters) 
along with the solar elevation at sunrise Dsr or sunset Dss if horizon obstructions occur. These input 
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variables allow the model to be site independent and to be used in locations where snow covers are 
present. The model formulation is: 
 
Hg(Dsr, Dss) = Hg’(Dsr) + Hg’(Dss)        (1) 
 
where Hg’ is the mid-daily global irradiation including horizon dependence in MJ/m2. It is expressed as 
 
Hg’(Dsr/ss) = -0.0015 Dsr/ss2.35 + (1 + 2.4E-4 Dsr/ss – 4E-5 Dsr/ss2 + 6E-6 Dsr/ss3) (Hg0/2)  (2) 
The term Hg0 refers to the daily global irradiation without horizon obstructions. It is given by the 
following equation: 
 
),(98.0 3
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where 
 
f1(wp, E) = -0.249 wp0.31225 + 2.81375E 2 - 2.5948E      (4) 
f2(wp, E) = 1.00324 + 0.03483wp0.28073  - 0.97226E 2 + 0.64794E       (5) 
f3(U, E) = 0.98613 + 0.0705U - 0.15225E + 0.77513UE     (6) 
and HC-D is the daily global irradiation for a clean and dry atmosphere in MJ/m2 
> @srsrsrsrSClDC EIDH ZZZZIGIS 0485.0)cos(sincoscos965.0)105.5019.1( 40 u    (7) 
 
where Dl is the day length (= 0.0864 s), ISC the solar constant, E0 the eccentricity correction factor, G the 
declination and Zsr the hourly angle at sunrise in radians. This term accounts for the attenuation due 
mainly to Rayleigh scattering and ozone, nitrogen dioxide and uniformly mixed gas absorption. The 
functions f1 and f2 take into account the depletion of solar radiation by water vapour and aerosols, whereas 
function f3 increases the global radiation values as a consequence of ground albedo. It is interesting to 
note for simplicity purposes, that the function f3 can be omitted from Eq. (3) if it is known or assumed 
that the ground albedo is near to 0.2. 
In this work, the Angström turbidity coefficient E is given by the following rough approximation as a 
function on the day of the year DOY [9] 
 
E = 0.015 + 0.0005 DOY – 1.38u10-6 DOY2      (8) 
 
This expression is only intended to reproduce in the Northern Hemisphere the mean annual evolution 
of this parameter with the known increasing and decreasing trend in the summer and winter months, 
respectively, as reported in many studies. Eq. 8 is adapted to reproduce the low atmospheric turbidity 
levels existing at high altitudes such as it is shown in [11], but not to describe its real local trend at one 
specific site. Although the next step which we are already working is to include turbidity information 
derived from MODIS, a previous sensitivity analysis on the model performance considering deviations of 
r 50% for the E-values shows that the relative differences for the daily global values are lower than 2%. 
 Gabriel López et al. /  Energy Procedia  57 ( 2014 )  1092 – 1099 1095
Daily ground albedo values were set to 0.9 if snow cover is present and 0.2 otherwise. The detection 
of snow cover for the site was carried out in a previous work [12]. Elevation above sea level z and the 
solar elevations at sunrise and sunset, respectively, were also available from a digital elevation model and 
following the methodology explained by Bosch et al. [12]. 
Finally, precipitable water vapour was obtained from ground measurements of air temperature and 
relative humidity following the algorithm by Gueymard [13] and also from the MODIS sensor. 
 
 
 
 
3. Experimental data 
 
3.1 Ground Data 
 
We use global horizontal shortwave measurements acquired during year 2005 in 14 stations located in 
the Sierra Nevada mountains, in Huéneja (Granada, Spain). Granada is sited in the southeast of Spain and 
the characteristic weather at Huéneja is represented by very cold winters with frequent snow covers and 
frosts and very hot summers. Stations are equipped with LICOR 200 pyranometers and standard sensors 
for air temperature and relative humidity. The sampling frequency is 2.5 minutes. Data acquisition system 
is an H8 HOBO and data have been integrated in a daily basis. In addition, we utilized a Digital Terrain 
Model with 20 m resolution containing the area where the stations are located, which was generated by 
the local government Junta de Andalucía from ortophotographs. Table 1 shows the stations 
characteristics: latitude, longitude and altitude above mean sea-level, and Fig. 1 shows their distribution 
inside the study area. Only days completely clear were selected. This process was achieved by visual 
inspection of the daily evolution of the instantaneous solar radiation measures. After the filtering process, 
a total of 1202 daily values were available for the 14 stations. 
 
 
Table 1. Characteristics of the radiometric stations  
Station 
ID 
Latitude 
(degrees N) 
Longitude  
(degrees W) 
Altitude 
(m.a.s.l.) 
1 37º 08´ 52´´  2º 58´ 34´´  1659 
2 37º 08´ 50´´  2º 58´ 29´´  1669 
3 37º 08´ 47´´  2º 58´ 17´´  1619 
4 37º 09´ 05´´ 2º 58´ 25´´ 1558 
5 37º 08´ 58´´ 2º 58´ 13´´ 1565 
6 37º 08´ 58´´  2º 58´ 02´´  1532 
7 37º 08´ 59´´  2º 57´ 56´´  1505 
8 37º 08´ 48´´  2º 57´ 45´´  1467 
9 37º 08´ 47´´  2º 57´ 54´´  1449 
10 37º 09´ 22´´  2º 57´ 36´´  1305 
11 37º 09´ 25´´  2º 57´ 25´´  1292 
12 37º 09´ 29´´  2º 57´ 32´´  1300 
13 37º 10´ 31´´  2º 56´ 16´´  1188 
14 37º 11´ 34´´  2º 54´ 20´´  1091 
 
 
 
Spain 
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Fig. 1. Distribution of the radiometric stations 
 
 
3.2 MODIS data products 
 
MODIS (Moderate Resolution Imaging Spectroradiometer) is an instrument aboard the Terra (EOS 
AM) and Aqua (EOS PM) satellites. Terra's orbit around the Earth is timed so that it passes from north to 
south across the equator in the morning, while Aqua passes south to north over the equator in the 
afternoon. Terra and Aqua covers the globe every 1-2 days, providing data in moderate spatial resolution 
(250 m at nadir) with wide swath (2330 km) and large spectral range (36 channels between 0.412 and 
14.2 μm). The column water vapour content is retrieved from two near-infrared bands (931-941 nm and 
915-965 nm) [14]. The approach determines the instantaneous water vapour content at the time of 
acquisition with an accuracy of 5% - 10% over clean land areas and with a spatial resolution (pixel size) 
of 1 x 1 km2.  
In this study, the MODIS atmospheric water-vapour product is an estimate of the total column water 
vapour made from integrated MODIS near-infrared retrievals of atmospheric moisture profiles in clear 
scenes and covering a 5 x 5 km2 area. The pixel values co-located with the ground stations were extracted 
from the two MODIS Atmosphere Profile data product files: MOD07_L2, containing data collected from 
the Terra platform and MYD07_L2, containing data collected from the Aqua platform. 
 
4. Results and validation 
4.1 Comparison of precipitable water vapour estimates 
 
In order to analyze variations between the different sources providing estimates of the precipitable 
water vapour, we focused on the station #14, that it is in a flat area and far from the mountains, and 
considered three data sets including wp-values from Terra, Aqua and ground station, respectively. The 
time corresponding to the instantaneous wp-values from Terra is mainly centered at 11 h (UTC), whereas 
the time corresponding to the wp-values from Aqua is mainly centered at 13 h (UTC). Instantaneous wp-
values from station #14 were extracted to match the times of both satellites. After the three data sets were 
joined, a total of 159 values (a value a day) were available. In addition, the distance of the pixels to the 
station was also calculated, as well as the elevation of the ground surface corresponding to the pixel. This 
information was included in order to determine if the pixel location could be an error source. The more 
frequent distance between the center of both Terra and Aqua pixels and the station is around 2000 m, with 
minimum values of about 300 m and maximum distances of about 6000 m. The corresponding more 
frequent surface elevation is 1150 m, ranging from 1100 m to 1300 m. 
Fig. 2 (left) shows a good agreement between both MODIS derived wp-values, with a Root Mean 
Square Error (RMSE) of 21% and Mean Bias Error (MBE) of 1.5%. The differences between each other 
shown to be independent of the distance between pixels. On the other hand, larger differences are found 
as comparing these MODIS derived wp-values with the time-coincident ground observations, such as it 
can be noted from Fig. 2(right). The RMSE increases up to 50% and the MBE is about -3%. Such as 
deviations shown to be independent of the geographical locations of the estimates (relative distance and 
elevation). The latter result is improved if daytime averages for the ground wp-values are set and 
compared to the individual wp-values from Terra or Aqua (for those days where only one value exists) or 
with the mean wp-values if both wp-values from Terra and Aqua are available for the day. Under this 
situation, the RMSE is 40% but the MBE is -25%. A similar analysis performed for the other stations 
shows that the agreement between precipitable water vapour from ground and from MODIS improves as 
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elevation increases. As an example, a MBE of 4% and a RMSE of 38% is found for station #1. This result 
can be explained taking into mind that the pixel value corresponds to one averaged value covering a 5 
km2 area, where the extension of mountain surface is large and, thus, the total amount of water vapour 
should be lower than those existing at the bottom sites. 
 
  
  
Fig. 2. Comparisons between wp retrieved from MODIS aboard Aqua and Terra, respectively (left), and between wp retrieved 
from both MODIS platforms and wp derived from temperature and relative humidity measured at station #14 (right). 
 
  
Fig. 3. Model performances: (a) using wp-values from ground measures and from MODIS at the 14 radiometric stations, and (b) 
with and without horizon correction due to the complex topography. 
 
4.2 Solar radiation model performance 
 
The model performance is analyzed using wp-values derived from both ground measurements and 
MODIS. Fig. 3 shows the scatter plot of the daily global radiation estimates against the measured ones. It 
can be noted the accurate estimates provided by the model in both cases. Also, there is not difference in 
using averaged daytime wp-values computed from ground records of temperature and relative humidity 
and wp-values derived from MODIS. In particular, the RMSE is 4.9% in both cases, whereas the MBE is 
0% for wp-values from ground observations and 0.7% using MODIS information. These errors are similar 
to the pyranometer uncertainty and lower than errors presented in other studies using more complex 
(a) (b) 
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radiative codes and MODIS data. RMSE of around 20% and MBE of 4% have been reported in the 
estimation of daily net solar radiation over complex terrain [15]. RMSE in estimating daily mean values 
for global solar radiation under all sky conditions using a spectral model along with an artificial neural 
network were about 6% and 13% for two different sites [16]. The importance of topography can be 
derived from Fig. 3b, where the daily global solar radiation values are estimated including the horizon 
correction factor and without including the horizon obstruction effect. The wp-values were those derived 
from MODIS. The RMSE increased up to 8% and an overestimation of 6% was found.  
 
5. Conclusions 
In this study, we have shown a stand-alone methodology to estimate daily average solar radiation over 
large heterogeneous areas for clear sky days. The methodology attempts to overcome two major short-
comings of the current solar radiation models by using only remote sensing information. It eliminates the 
need for ground data as model input, and also explicitly recognizing the need of spatially varied input 
parameters. The methodology exploits the atmospheric data products (precipitable water vapor) from 
MODIS/Terra-Aqua. The model also admits additional MODIS data products as ground elevation, land 
surface albedo and aerosol depth.  
We emphasize that the current method uses simple parameterization schemes to compute shortwave 
radiation downwards and does not involve a complex radiative transfer model. Nonetheless, the proposed 
methodology appears to retrieve daily solar radiation for clear sky days with comparable accuracy to 
those of current methods that use ground-based observations and mainly provides point estimates. 
The future research work would aim at utilizing only MODIS products as input to the model, 
increasing the spatial resolution to 1 km2 areas and trying to extend this scheme to all sky conditions.  
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